Reductions in skeletal muscle function occur during the course of healthy aging as well as with bed rest or diverse diseases such as cancer, muscular dystrophy, and heart failure. However, there are no accepted pharmacologic therapies to improve impaired skeletal muscle function. Nitric oxide may influence skeletal muscle function through effects on excitation-contraction coupling, myofibrillar function, perfusion, and metabolism. Here we show that augmentation of nitric oxide-cyclic guanosine monophosphate signaling by short-term daily administration of the phosphodiesterase 5 inhibitor sildenafil increases protein synthesis, alters protein expression and nitrosylation, and reduces fatigue in human skeletal muscle. These findings suggest that phosphodiesterase 5 inhibitors represent viable pharmacologic interventions to improve muscle function.
Introduction
Reductions in skeletal muscle function occur during the course of healthy aging as well as with bed rest or diverse diseases such as cancer and heart failure. These decrements in function can limit activities of daily living and, when severe enough, contribute to death. [1] [2] [3] Muscle dysfunction is characterized by reduced force or power production or an increased susceptibility to fatigue, the decline in muscle performance that occurs during repeated contractions. Changes in both muscle mass and muscle qualities, such as protein complement, metabolic state, and neural activation strategies, can contribute to these impairments. Apart from exercise training, there are few options, and no universally accepted pharmacologic therapies, for improving human skeletal muscle function, despite intense interest among scientists, clinicians, and the public. Thus, there is a need for identification of new strategies for improving skeletal muscle function.
An emerging body of evidence suggests promise of strategies targeting signaling initiated by nitric oxide (NO). In addition to its role as an important mediator of skeletal muscle hemodynamics, 4 NO has been shown to augment anabolic responses to insulin or amino acids in older individuals 5, 6 and to be essential for the hypertrophic response to muscle overload in mice. 7 NO also promotes muscle regeneration 8, 9 and mitochondrial biogenesis. 10 Impairments in one or more of these NO-mediated processes are thought to contribute to the reduced muscle performance observed in a variety of settings, such as aging, 5, 6, 11, 12 cachexia, 13, 14 or Becker or Duchenne-type muscular dystrophies. 4, 15, 16 In addition, mice with deficient skeletal muscle NO production exhibit increased in situ skeletal muscle fatigability. 17 Phosphodiesterase 5 inhibitors augment some responses to NO by inhibiting degradation of the downstream mediator cyclic GMP (cGMP). Chronic treatment of mdx mice (a murine model of Duchenne muscular dystrophy) with phosphodiesterase 5 inhibitors reduces muscle fibrosis 18 and increases in vitro force production, 18 whereas acute treatment improves muscle perfusion and increases post-exercise activity levels. 19 Similarly, acute treatment of muscular dystrophy patients with phosphodiesterase 5 inhibitors improves perfusion of active muscles during exercise. 4 Although these studies provide proof-of-concept support for potential in vivo efficacy of phosphodiesterase 5 inhibitors to improve muscle health in a select human patient population, acute responses in skeletal muscle of otherwise healthy humans are unknown, as are chronic skeletal muscle responses in patients in which muscle function impairment occurs by different mechanisms (e.g., cancer cachexia, bedrest, and sarcopenia) or in healthy individuals, despite widespread use of these drugs (more than 37 million prescriptions as of 2008). 20 Accordingly, we administered the phosphodiesterase 5 inhibitor sildenafil (Viagra) to generally healthy males, who receive the vast majority of phosphodiesterase 5 inhibitor prescriptions, to test the hypothesis that sildenafil would increase skeletal muscle function and protein synthesis (study design, Figure 1 ). The outcome variables examined were skeletal muscle function (strength and repetitions to fatigue), skeletal muscle protein synthesis, and protein expression and cysteinyl-S-nitrosylation. The rationale for measurement of the latter was previous work from us 21 and others [22] [23] [24] demonstrating an important role for S-nitrosylation in muscle physiology, as well as emerging evidence for modulation of NO synthase activity via cGMP-mediated signaling mechanisms. [25] [26] [27] Sildenafil 
Methods

Subjects
The study was approved by The University of Texas Medical Branch (UTMB) Institutional Review Board and complied with the Declaration of Helsinki. Written informed consent was obtained from all subjects. Two groups of men were studied over 15 days, including a baseline period (the week preceding the treatment period) in which subjects were familiarized with dynamometry testing, underwent baseline glucose tolerance and indirect calorimetry testing (see below), and baseline dynamometry testing occurred (day 0, the day prior to beginning treatment and 6 days after familiarization), and a subsequent treatment period (days 1-8) in which they received either daily low-dose (25 mg) sildenafil (N = 5) or placebo (N = 6) in a randomized, double-blinded fashion, with treatments dispensed by the UTMB Investigational Drug Service research pharmacy, and glucose tolerance, indirect calorimetry, and dynamometry testing were repeated. Subjects underwent cardiopulmonary stress tests at the UTMB heart station as part of the screening process. The men were healthy, based on their history and screening results, represented a wide age range, and the majority (4/6 placebo, 4/5 sildenafil) were overweight based on their BMI (subject characteristics are presented in Table 1 ). Exclusion criteria included cardiac, liver, kidney, pulmonary, autoimmune or vascular disease; hypo-or hypercoagulation disorders, diabetes, cancer, or infectious diseases. Subjects taking nitrates, anabolic steroids, or corticosteroids were also excluded. Subjects were instructed to continue regular activities of daily living and maintain their usual diet during the study.
Dynamometry
Maximal isometric torque production, maximal isokinetic power production, and skeletal muscle fatigue of the knee extensors were determined on a Biodex® 4 dynamometer (Biodex Medical Systems, Inc. Shirley, NY, USA) located in the Acute Care for Elders (A.C.E.) Unit at UTMB. On days 1 and 8 of the treatment period, sildenafil or placebo ingestion occurred approximately 1 hour before dynamometry testing. Briefly, subjects were tested in a seated position, with straps across the hips, chest, and thigh to reduce movement. A warm-up set of 30 low-resistance contractions was completed as an activity-specific warm-up prior to maximal testing. For isometric testing, the knee was positioned at 90° of flexion and contractions held for 5 seconds. Maximal isometric torque production was considered the average of the peak torques generated during the final 2 of 3 maximal efforts. Similarly, maximal dynamic (isokinetic) power production was considered the average of the maximum power generated from the final 2 of 3 maximal efforts. Muscle fatigue development was assessed during repeated maximal voluntary efforts at 120° per second, with contractions occurring approximately once every 2 seconds, performance quantified as the number of successful repetitions (power ≥60% of initial), and subjects given strong verbal encouragement.
Blood and skeletal muscle sampling
Screening and posttreatment blood samples were obtained under fasting conditions (apart from glucose tolerance testing described below) at the UTMB Institute for Translational Sciences (ITS). For posttreatment sampling, subjects were admitted to the ITSClinical Research Center on the penultimate day of treatment and fasted overnight through the end of the study the following day. Following collection of a blood sample for the determination of background enrichment, a primed (2 μmol/kg), continuous (0.05 μmol/kg/min) infusion of L-[ring-d 5 ] phenylalanine, dissolved in 0.9% saline and filtered through 2-μm filters, was started in the morning on day 8 and continued until the completion of the study. Venous blood samples were collected hourly for the first 2 hours after starting isotope infusion and approximately every 15 minutes following pill ingestion, which occurred after the 2-hour blood sample. A muscle biopsy (∼100-200 mg) was taken from the vastus lateralis, 15-20 cm above the knee, approximately 1 hour following pill ingestion. Muscle samples were processed and analyzed for protein expression and nitrosylation (below) and isotope enrichment.
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Skeletal muscle protein expression and S-nitrosylation
Analyses of the skeletal muscle proteome and S-nitrosoproteome (via SNOFlo) were performed as described previously. 29 In brief, after amino acid analysis to quantify cysteine content (cysteic acid), samples in denaturing buffer were split into two aliquots: one was labeled with Bodipy Fl-maleimide (BD), and the second treated with ascorbate to reverse the S-nitrosylation. Both sets of samples were dialyzed against denaturing buffer, with the second then undergoing BD labeling. After two-dimensional gel electrophoresis, spot quantification by fluorescence imaging, and image analysis, protein abundance was measured by calculating the ratio of spot volumes of sildenafil versus control spots of the ascorbate-treated samples. The ratios for the samples not treated with ascorbate were calculated similarly. The levels of S-nitrosylation were then expressed as the ratio of the two ratios (ratio of ratios), with the nonascorbate-treated ratios (representing the sum of S-nitrosylated and abundance differences) normalized against the ascorbate-treated ratios (abundance difference only). A negative ratio of ratios indicates increased cysteinyl S-nitrosylation, and a positive ratio of ratios decreased S-nitrosylation. Note that in the case of the ascorbateuntreated gels, an observed change in fluorescence intensity of a spot could be either due to a change in protein abundance, or a change in the degree of S-nitrosylation, or both. The ratio of ratios enables the calculation of change in the degree of S-nitrosylation even when accompanied by an abundance change. Comparisons of differential protein abundance or S-nitrosylation between treatment groups were performed as previously described. 29 Determination of canonical or functional pathways differing between treatment groups was determined using Ingenuity Pathways Analysis software.
Lean body mass
Lean body mass was determined using dual energy x-ray absorptiometry. In one subject, leg lean mass was not determined.
Skeletal muscle protein synthesis
Fasting rates of mixed muscle skeletal muscle protein synthesis were determined using the precursor-product approach.
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Oral glucose tolerance Oral glucose tolerance testing was conducted during the baseline week and on the seventh day of the treatment period, before that day's pill ingestion (i.e., after 6 days of treatment). Briefly, after reporting to the ITS Clinical Research Center in the morning after an overnight fast and resting quietly for approximately 30 minutes, a baseline blood sample was obtained from an antecubital vein. Subjects then ingested an oral glucose solution (0.75 g/kg Fisherbrand Glucose Tolerance Test Beverage 401009FB), followed by blood sampling at 15, 30, 60, 90, and 120 minutes following glucose ingestion. Glucose determinations were made using a commercial glucose analyzer (YSI 2300 STAT Plus, Yellow Springs, OH, USA).
Indirect calorimetry
Resting oxygen consumption was determined during the baseline week and on the seventh day of the treatment period, prior to glucose tolerance testing. Briefly, in the fasted state and after resting quietly for approximately 15 minutes, oxygen consumption was measured over 15 minutes using a VMax Encore 20 metabolic cart (Carefusion, San Diego, CA, USA), with the last 5 minutes averaged for the determination of resting oxygen consumption.
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Statistical Analysis
With the exception of proteomic and nitrosylation data, statistical differences between groups were assessed using unpaired t-tests, either in Microsoft Excel (Microsoft, Redmond, WA, USA) (for the subject characteristics in Table S1 ) or GraphPad Prism 5 (GraphPad Software, Inc.,
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La Jolla, CA, USA) (for the data presented in Figures 1-3) , with an α level of 0.05. Basal metabolic rate before and after treatment was compared using paired t-tests in GraphPad Prism 5.
Results
Sildenafil reduces muscle fatigue
Maximal isometric torque production ( Figure 2A ) and maximal isokinetic (120° per second) power ( Figure 2B ) of the knee extensors were stable over the course of the study and did not vary according to treatment. Skeletal muscle fatigue on the initial day of treatment (day 1) was not statistically different from baseline or different between treatment groups (data not shown). However, following 8 days of treatment, subjects in the sildenafil group completed significantly more successful repetitions relative to baseline than those receiving placebo during repeated maximal isokinetic contractions ( Figure 2C) .
Sildenafil remodels the skeletal muscle proteome Analyses of skeletal muscle biopsy samples identified 30 and 42 proteins, respectively, exhibiting differential abundance or S-nitrosylation in individuals receiving sildenafil versus those receiving placebo (Table S1 ), suggesting that skeletal muscle remodeling occurs in response to short-term sildenafil administration. Consistent with this notion, skeletal muscle protein synthesis was significantly higher in those receiving sildenafil ( Figure 3A ).
Functional and canonical pathways associated with sildenafil treatment
Ingenuity Pathways Analysis (Ingenuity Systems, Inc., Redwood City, CA, USA) identified canonical and functional pathways differentially affected by treatment ( Figure 3B -E) using the differentially abundant or nitrosylated proteins which met Figure 3 . Effects of sildenafil treatment on skeletal muscle proteome. (A) Skeletal muscle protein synthesis (mean ± SE) after 8 days of treatment, determined using the precursor-product approach to determine fractional synthesis rate. *p = 0.004 vs. placebo, unpaired t-test, N = 6 placebo, 5 sildenafil. Canonical (B) and functional (C) pathways differentially affected by sildenafil and placebo, determined using Ingenuity Pathways Analysis (IPA) of protein expression in skeletal muscle biopsy samples (top 6 pathways shown). Canonical (D) and functional (E) pathways differentially affected by sildenafil and placebo, determined using IPA of protein S-nitrosylation in skeletal muscle biopsy samples (top six pathways shown). threshold criteria for protein identification. The functional analysis suggested the differences in abundance and nitrosylation were linked to differences in morphology, development, and function of skeletal muscle, in agreement with the observed changes in protein synthesis and fatigue. Calcium signaling was identified as the canonical pathway most different between the placebo and sildenafil groups, using either the protein expression or the protein nitrosylation data.
Discussion
In this study we found that short-term treatment with the phosphodiesterase 5 inhibitor sildenafil reduces skeletal muscle fatigue and stimulates skeletal muscle protein synthesis while altering muscle protein expression and nitrosylation. Our findings thus provide evidence that sildenafil remodels human skeletal muscle in a functionally adaptive manner.
As a determinant of the amount and composition of skeletal muscle proteins, protein synthesis can affect skeletal muscle function through changes in both the mass and quality of muscle. The differences between treatment groups in protein abundance and S-nitrosylation observed in this study suggest that changes in myofibrillar function and actin dynamics may have contributed to an increase in muscle quality, manifested as increased fatigue resistance, in individuals receiving sildenafil. Notably, the approximate doubling of skeletal muscle protein synthesis observed in response to sildenafil is of similar magnitude to that observed in response to 100-200 mg/week testosterone injection, [31] [32] [33] an intervention which increases skeletal muscle mass and strength [32] [33] [34] but does not reduce muscle fatigability, 32, 35 with long-term administration. Whether the short-term responses of protein synthesis and expression eventually manifest as a change in muscle mass or simply reflect an adaptive qualitative change in muscle protein composition will be important to determine in future longer-term studies.
NO-cGMP signaling has been proposed to mediate skeletal muscle mitochondrial biogenesis, 36 a hallmark adaptation to chronic endurance-type training 37, 38 thought to contribute to skeletal muscle fatigue resistance, as well as skeletal muscle glucose uptake. [39] [40] [41] [42] However, glucose tolerance in this group of healthy men, who were prescreened for normal fasting glucose concentrations, did not change in either treatment group over the course of the study ( Figure S1 A and B) . Similarly, the proteomic analyses did not suggest that mitochondrial biogenesis contributed to the reduced skeletal muscle fatigability in the sildenafil group following treatment. These findings, along with the fact that the short intervention period likely represents the lower threshold of time for the occurrence or detection of changes in mitochondrial abundance, argue against mitochondrial biogenesis being a major contributor to the reduced fatigability observed in response to short-term sildenafil therapy. Notably, NO-cGMP signaling has also been associated with mitochondrial biogenesis in brown adipocytes 10 and short-term high-dose sildenafil treatment has been reported to induce "browning" of white adipocytes in mice. 43 Longer-term (12 weeks) treatment at the same dose increased metabolic rate and reduced weight gain during high-fat feeding, although changes in brown fat mitochondria were not observed. 44 In this study, resting metabolic rate was significantly increased in response to sildenafil treatment, whereas in the control group metabolic rate did not change ( Figure S1C and D) . The relative contributions of the increased rate of protein synthesis, an energetically expensive process, 45, 46 or a potential phenotypic remodeling of adipose tissue to the sildenafil-induced increase in metabolic rate cannot be determined from our data but may be important to consider in future studies in the context of obesity. Several limitations of the study, as well as ramifications for possible future application in clinical settings, should be considered when interpreting the results of this study. As noted above, the short-term nature of the study prevents conclusions regarding possible effects of chronic sildenafil therapy on muscle mass or mitochondrial biogenesis. Such endpoints, as well as the possibility of reduced effectiveness with chronic use (tachyphylaxis), will need to be addressed in longer-term studies. On the other hand, the response observed to approximately one week of sildenafil therapy suggests sildenafil may have potential for use in short-term rehabilitation settings. Mechanistically, sildenafil may have induced changes in other mediators of fatigue, such as excitation-contraction coupling, redox status, and muscle perfusion, which could have contributed to the current findings and warrant investigation in future studies. In addition, it is worth noting that the observed reduction in muscle fatigability occurred during exercise of a relatively small muscle mass (the knee extensors); it cannot be extrapolated based on the findings of this study that performance or fatigability will necessarily be improved by sildenafil during exercise types in which maximal cardiac output is a limiting factor. Finally, although significant effects were observed with low-dose (25mg) sildenafil in this study of healthy males, dose-response relationships in healthy and diseased populations of men and women may be different.
Conclusion
Despite massive outlays of human and economic resources, skeletal muscle dysfunction has persisted as an intractable hallmark of numerous inherited (e.g., Duchenne or Becker type muscular dystrophies) or acquired (e.g., cachexia, sarcopenia, dynapenia, bedrest, steroid) myopathies, with few options (apart from exercise) for treatment. As a drug already approved and with an excellent safety record, the findings from this study suggest that sildenafil, and possibly other phosphodiesterase 5 inhibitors, 4 represents a potential pharmacologic strategy to improve skeletal muscle function.
